The hypothesis that a large zooplankton herbivore, Daphnia pulex, can competitively reduce the abundance of resident zooplankton when colonizing a community of small species was tested in two lakes. When introduced to enclosures in eutrophic Larimore Pond, D. pulex decreased phytoplankton abundance by an order of magnitude, resulting in drastically reduced densities of Tropocyclops prasinus and Mesocyclops edax, the two dominant crustaceans in the pond. Daphnia pulex was also added to enclosures in oligo-mesotrophic Dynamite Lake, along with nutrients, in a factorial design. Three Dynamite Lake zooplankters were reduced in density by D. pulex under both enriched and unenriched conditions: Bosmina Zongirostris, Trichocercu multicrinis, and copepod nauplii. Nutrient additions allowed these taxa to overcome some effects of competition with D. pulex. Daphnia pulex reduced the densities of copepods and rotifers common to both lakes more in eutrophic Larimore Pond than in unenriched Dynamite Lake enclosures.
Freshwater zooplankton communities typically are dominated by either large-or small-bodied species. Lakes containing abundant planktivorous fish contain mostly small species, the result of the elimination of large species by size-selective fish predation (e.g. Hrbacek 1962; Brooks and Dodson 1965; Lynch 1979) . Fishless lakes are typically inhabited by large species, sometimes to the exclusion of small species (e.g. Brooks and Dodson 1965; Zaret 1980) . Two hypotheses have been proposed to account for the scarcity (or absence) of small species in fishless lakes. One is that large herbivorous zooplankton, by monopolizing the food resources (mainly phytoplankton), competitively reduce the abundance of, or exclude, small species (the size-efficiency hypothesis by Brooks and Dodson 1965 ). An alternative hypothesis is that predation pressure, e.g. by large Chaoborus species and large copepods, is greater in fishless lakes and that this invertebrate predation excludes, or reduces the abundance of, small species (Dodson 1974) .
It has been argued that predation by invertebrates is sufficient to account for the reduced abundance of small species in fishless lakes, while resource depression by large species is not sufficiently strong to drive smaller species to low densities (Dodson 1974; Zaret 1980) . Many experimental field studies of competition between small and large zooplankters have been relatively short term, typically involving competition trials between two or three species in small containers. These investigations failed to distinguish a consistently dominant competitor; the competitively dominant species often varied from one experiment to the next, even within a single field season in one lake (Sprules 1972; Lynch 1978; Smith and Cooper 1982; DeMott 1983) . While useful in assessing interactions among particular species, small-scale experiments do not address the potential effects of a large species invading an entire community of small species, as would be the case if, for example, planktivorous fish were reduced in abun-Vanni dance in a lake. Since the outcome of competition between two species may depend on the presence of other "background" species (Neil1 1975; Lawlor 1979) , the impact of a large species on particular small species may be different when an entire community is present than when only a few species are present. In large enclosures containing intact communities, large Daphnia spp. can substantially depress the abundance of smaller species through competition for food (DeMott and Kerfoot 1982; Neil1 1984) . Furthermore, herbivores can compensate for mortality resulting from invertebrate predation by increasing birth rates (Neil1 198 l), suggesting that such predation is less important in structuring zooplankton communities than was previously believed.
When planktivorous fish are removed from lakes, as through winterkill or experimental removal, large herbivorous zooplankton often appear and reduce phytoplankton densities (Schindler and Comita 1972; Stenson et al. 1978; Shapiro and Wright 1984) and smaller species are then reduced in abundance or eliminated, suggesting that the reduction of phytoplankton resources by large species can result in the reduction of densities of smaller species. However, invertebrate predators also become more abundant after fish removal (e.g. Stenson et al. 1978) and increased predation by invertebrates may account for the decline in small species.
I tested the hypothesis that a large herbivorous zooplankter can competitively reduce the abundance of small species by introducing Daphnia pulex into large in situ enclosures containing natural communities of small species. The enclosures excluded planktivorous fish to simulate colonization of the lakes by a large herbivore after fish removal. Experiments were conducted in a eutrophic lake (abundant edible phytoplankton) and an oligo-mesotrophic lake (low phytoplankton), to test the hypothesis that competition between large and small species is more severe under low food conditions. I increased the amount of phytoplankton in some enclosures in the oligomesotrophic lake to test the hypothesis that the competitive effects of D. pulex on the small species could be ameliorated by increasing food resources. The effects of D. pulex on total phosphorus and chlorophyll a concentrations in these experiments were reported by Vanni (1984a) . Here I show that D. pulex can reduce the abundance of several zooplankton species and is more likely to do so under eutrophic conditions. I thank M. Lynch for criticism and support throughout this study, L. Crossett, S. Crost, and L. Weider for field assistance, B. deMarch for statistical advice, C. Turkot for processing zooplankton samples, H. Kling for assistance in phytoplankton identification, and R. W. Larimore for allowing access to his pond. Comments by W. R. DeMott, R. Smogor, K. Spitze, and an anonymous reviewer improved the quality of this paper.
Methods

Study sites-Dynamite
Lake is a shallow ccnax = 2.5 m) oligo-mesotrophic quarry lake (Vanni 1986) . Total phosphorus (TP) concentrations ranged from 11.2 to 24.4 pg liter -I and Chl a concentrations were generally l-7 pg liter -1 in summer 1982 (Vanni 1984a ). The phytoplankton is dominated by small flagellates (Chrysophyta and Cryptophyta), green algae, and diatoms (Vanni 1986 ). Larimore Pond is a shallow (Z,,,,, = 1.5 m) highly eutrophic farm pond with surface TP concentrations of 103-l 90 pg liter-l and Chl a concentrations of 23-l 70 pg liter -l in summer 1982 (Vanni 1984a) . The lakes are in Vermilion Co., Illinois, -10 km apart.
Both lakes contain dense populations of planktivorous fish. Bluegill sunfish (Lepomis macrochirus) dominate the Dynamite Lake assemblage and rely heavily on zooplankton for food (Lynch et al. 198 1; Vanni 1986 ). Other species include longear sunfish (Lepomis megalotus), largemouth bass (Micropterus salmoides), and channel catfish (Ictalurus punctatus). The fathead minnow (Pimephales promelas) is the dominant planktivore in Larimore Pond. Both lakes contain only small species of zooplankton (carapace length < 1 .O mm), mainly cladocerans in Dynamite Lake (Vanni 1986 ) and cyclopoid copepods and rotifers in Larimore Pond.
Field experiments-During summer 1982 pulex and nutrients added. Nutrients were I introduced the large herbivore D. pulex added weekly: 300 pg N as NH4N03 and 10 (min size at first reproduction 1.40 mm, pg P as KH,PO, per liter of enclosure water, max 3.50 mm : Lynch 1980) into in situ en-. an N : P ratio roughly equivalent to that in closures containing natural plankton communities, to assess the effects of D. pulex colonization on the abundance of resident zooplankton.
Each enclosure consisted of a cylindrical tube of thin, transparent polyethylene film suspended from a wooden frame buoyed by Styrofoam floats and held in position with rope and anchors. Enclosures were l-m diameter and 1.5 m deep, yielding a volume of -1,175 liters. They were open to the atmosphere just above the lake surface and sealed at the bottom with waterproof tape so that the water within them was isolated from surrounding lake water and planktivorous fish were excluded. Enclosures were filled by a gasoline-powered pump from a depth of -1 m. Initial densities of zooplankton in the enclosures were -30% lower than in the lakes, either as the result of mortality due to pumping or because of an uneven vertical distribution of zooplankton (unlikely because the lakes are shallow and well mixed and sampling revealed no stratification of zooplankton in earlier years in Dynamite Lake). Species were represented in roughly the same proportions in the enclosures and lakes, except that rotifers tended to be slightly overrepresented in enclosures (-12% more in terms of relative abundance). The fact that initial densities in the enclosures were lower than in the lakes does not detract from the validity of the experiments; lake densities fluctuate considerably and a colonization event such as that simulated by these experiments may take place at any time.
I used two treatments in Larimore Pond: Control enclosures containing the resident plankton community, and enclosures containing resident plankton with D. pulex added, each in duplicate. The Dynamite Lake experiment began with the same two treatments, each in quadruplicate. When the D. pulex populations were established, half the enclosures were given nutrients (N and P) so that there were four Dynamite Lake treatments, each in duplicate: control, D. pulex added, nutrients added, and both D. the lake. These nutrient loading rates were chosen because in the previous two summers such spikes resulted in significant increases in edible phytoplankton biomass and also shifted the community to a greater proportion of green algae. The increase in phytoplankton arising from nutrient enrichment in turn resulted in increased abundance of many zooplankton species (Vanni 1984@ . The addition of nutrients thus should provide increased food for resident zooplankton and may at least temporarily lessen the severity of any resource competition between them and D. pulex. I added nutrients after the D. pulex populations were established, rather than at the beginning of the experiment, to determine whether increased food resources could reverse the outcome of any competitive suppression of resident species by D. pulex. All enclosures were filled on 26 June 1982 and first sampled on 29 June. Daphnia pulex was added to the designated enclosures on 2 July and nutrients added on 16 July. Sampling in the Dynamite Lake experiment was ended on 30 July because some enclosures were damaged, possibly by turtles, and some nutrient-enriched enclosures began to display excessive growth of periphyton on the inner walls. Although periphyton was not sampled, there did not appear to be any difference between enriched enclosures with and without D. pulex. The Larimore Pond experiment was ended on 13 August because D. pulex had begun to colonize the control enclosures.
Daphnia individuals came from cultures maintained in Champaign, Illinois, from sources including permanent lakes [Smith Big Pond (Vermilion Co., Ill.) : Weider 1984 , and a lake near Minneapolis,
Minn.] and ephemeral woodland ponds [Busey Pond: Lynch 198 3; Trelease Center Pond: Schwartz et al. 1985 (both in Champaign Co., Ill.) ]. Seven genetically (electrophoretically) distinct clonal groups (Lynch 1983; Weider 1984) were represented. When my experiments were done it was believed that all seven clonal groups were D. pulex. However, recent morphological studies have shown that one of the clonal groups from Busey Pond more closely resembles Daphnia obtusa, a species previously believed to be absent from North America (Schwartz et al. 1985; M. Lynch et al. pers. comm.) . Because closely related species in the D. pulex "group" often overlap in morphological characters (Brooks 1957; Dodson 198 l) , and because the "D. obtusa" from Busey Pond is electrophoretically similar to the "D. pulex" clonal groups used in this study (Lynch 1983) , I consider all of the clones used to be part of the D. pulex species complex, and I refer to them simply as D. pulex.
I cultured D. pulex in the laboratory in 3.8-liter jars containing medium similar to that used by Murphy (1970) , with the algae Chlamydomonas reinhardii and Scenedesmus dimorphus as food. Daphnia pulex populations were transferred directly from culture medium to experimental enclosures, with a mean of 303 (SE = 7.3) individuals added to each. This is a low density (~0.3 liter-'), so that D. pulex can increase in response to ambient conditions as it might following a colonization event.
Several predictions can be made with regard to these experiments. First, densities of resident zooplankton should be lower in the D. pulex treatment than in the control in the Larimore Pond experiment. Second, in the Dynamite Lake experiment, resident zooplankton densities should be lowest in the D. pulex treatment, greatest in the nutrients treatment, and intermediate in the control and the D. pulex + nutrients treatment. A third prediction has to do with the effects on species common to both lakes in Dynamite Lake unfertilized enclosures vs. those in Larimore Pond. One might expect competitive suppression of small species by D. pulex to be greater when resources are scarce, and therefore depression of the densities of resident species should be greater in unfertilized enclosures in Dynamite Lake than in Larimore Pond. However, an alternative hypothesis is that D. pulex may reach a higher carrying capacity under high-food conditions and as a result depress food resources to a greater extent than in low-food environments (Romanovsky and Feniova 1985) , so that D. pulex would depress abundances of small zooplankton species to a greater extent in Larimore Pond than in unenriched Dynamite Lake enclosures.
Total phytoplankton abundance in the enclosures was estimated twice per week as Chl a concentration (Strickland and Parsons 1968) . I also examined phytoplankton sampled with an integrated tube sampler lowered to near the bottom of the enclosures, preserved in acid Lugol's solution (Wetzel and Likens 1979) , and settled overnight in lo-ml chambers with a Wild inverted microscope. Cells were identified to species when possible, and grouped into taxonomic and functional categories based on their quality as food. Phytoplankton species with gelatinous sheaths or hard outer cell coverings were assumed to be of lower nutritional quality to zooplankton (Porter 1977; DeMott 1983) and such green algae (resistant green algae: DeMott and Kerfoot 1982) were considered separately from green algae without such coverings in assessing community composition. Large diatoms, e.g. Synedra, which are probably inedible to small species but may be edible to D. pulex (McCauley and Briand 1979; W. R. DeMott pers. comm.) were considered separately from smaller diatoms (max linear dimension < 35 pm). Phytoplankton from all enclosures was examined microscopically on two sampling dates (23 and 27 July in Dynamite Lake; 23 July and 6 August in Larimore Pond) chosen because they were in the middle of the periods during which treatments were in effect and D. pulex was abundant.
Volume density (pm3 ml-') of edible phytoplankton (all species < 35 pm in max linear dimension) and Chl a concentration in the enclosures were highly correlated, as determined by linear regression of Chl a and cell counts from all dates on which both measurements were made (r = 0.844, P < 0.001); thus Chl a is a reasonable index of food quantity. As might be expected, volume of "high-quality" phytoplankton (species < 3 5 -pm max linear dimension and without gelatinous sheaths or hard coverings) was less highly correlated with Chl a (r = 0.747, P < 0.001). Food quality for resident zooplankton was therefore determined by examining the abundances of different taxonomic and functional groups.
Little detritus was seen in the samples, indicating that it was probably not an important source of food for the enclosure zooplankton. One composite zooplankton sample, consisting of two vertical hauls, was collectedtwice weekly from each enclosure with a Wisconsin-style plankton net with a 13-cm opening and a 63-pm mesh. Each pair of hauls sampled -3.4% of the zooplankton community, assuming 100% net filtration efficiency. Since net filtration efficiency was probably more like 65% (Schindler 1969) , probably only -2-2.5% of the zooplankton community was removed with each sample. Lake zooplankton was sampled on the same dates by taking 16 vertical hauls within a lo-x 10-m grid adjacent to the enclosures (see Vanni 19843) and pooling them into one composite sample. Although replicate lake samples were not taken in 1982, replicated sampling in 198 1 in Dynamite Lake (five replicates on each sampling date) revealed that the average C.V. for the three Dynamite Lake cladocerans was < 15% with this net (Vanni 19843) . Zooplankton was preserved in a cold Formalin-sucrose solution (Prepas 1978) and counted under a Nikon compound microscope (Vanni 1984b) . Because Bosmina Zongirostris was reduced in density by D. pulex in the Dynamite Lake experiment (see results), I wanted to know whether this was due to reduced birth rate or elevated mortality rate. I calculated the instantaneous birth rate (b), using the egg ratio method (Edmondson 1960; Paloheimo 1974) , as
where E is the egg ratio (No. of eggs per female) and D is the egg development time.
Instantaneous rate of population increase (r) was obtained as
where N, and No are the population densities at times t and 0, and t is the time between sampling intervals. The instantaneous death rate d was then obtained as d=b -r. Statistical analyses-The effects of the treatments on population densities of resident zooplankton species were assessed by ANOVA with repeated measures (Winer 197 1) . For the Larimore Pond experiment, I used one-way ANOVA with repeated measures to test for the main effect of D. pulex, for the Dynamite Lake experiment two-way ANOVA with repeated measures. The two-way design tests for the main effects of D. pulex and nutrients, as well as the D. pulex x nutrient interaction. In both analyses, sample date is considered a repeated factor, and, in testing for the main effects, the analysis does not rely on the assumption that successive dates are independent of each other (Gill 1978 ). The design is analogous to a split-plot design and is sometimes referred to as a split-plot in time, or split-block, design (Steel and Torrie 1980) .
Representative ANOVA tables are given in Table 1 . Two error terms are generated with this design: the subject within-groups error [Encl (D. pulex) for Larimore Pond and Encl (D. pulex x nutrients) for Dynamite Lake: Table l ] is a measure of the extent to which the subject mean (in this case enclosure mean) differs from the group (treatment) mean and is the appropriate error term for testing the main effects of D. pulex and nutrients and their interaction (Winer 1971) . With this design, this error term will have the same number of df regardless of the number of samplings, so that although data from all dates are used, the number of df in the error term is not artificially inflated by frequent sampling. The other error term (residual in Table 1 ) is appropriate for testing the effect of sample date and all other interactions, although care must be taken to ensure that correlations between observations at different time intervals are equal for all time intervals (Rowe11 and Walters 1976).
For the Dynamite Lake experiment, all dates after nutrient enrichment began were used to test for the effects of D. pulex and nutrients on resident zooplankton densities. For Larimore Pond, the ANOVAs included all dates after D. pulex became abundant (> 5 X lo3 individuals m-2) to test for its effect on resident zooplankton. All data on zooplankton population density were logtransformed before conducting ANOVA; this reduced heterogeneity of variance among groups, as determined by visual inspection of residuals. All ANOVAs were run with the Statistical Analysis System (SAS) General Linear Models (GLM) routine (SAS Inst. 198 1).
Results
The Dynamite Lake zooplankton community was dominated in July by the cladocerans B. Zongirostris, Ceriodaphnia Zacustris, and Diaphanosoma birgei, the rotifer Ke~atella cochlearis and copepod naulii (Fig.  l) , as in the previous 2 years (Vanni 19843) . Other common species included Diaptomus pallidus, Tropocyclops prasinus, Mesocyclaps edax, Polyarthra vulgaris, and Trichocerca multicrinis.
In Larimore Pond, K. cochlearis and D. pallidus were the most abundant zooplankton species at the beginning of the experiment; other common species included M. edax, T. prasinus, and P. vulgaris (Fig. 1) .
Daphnia pulex successfully colonized all enclosures into which it was introduced (Fig.  2) . In the Dynamite Lake experiment, D. pulex attained a greater density in nutrientenriched enclosures than in unenriched enclosures (P = 0.027, one-way repeated-measures ANOVA), presumably due to elevated phytoplankton production under enriched conditions (see phytoplankton data below). Daphnia pulex densities were highest in Larimore Pond enclosures, even when compared to Dynamite Lake enclosures to which nutrients were added (Fig. 2) .
Daphnia pulex significantly reduced total phytoplankton abundance (Chl a) in the Larimore Pond enclosures (Fig. 3) . The effect became apparent quickly after D. pulex became abundant, persisted throughout the experiment, and was significant (P = 0.037, one-way repeated-measures ANOVA, considering all dates after 14 July). The effect in Dynamite Lake enclosures was more complex (Fig. 3) . The presence of D. pulex had an insignificant effect on Chl a concentration in the Dynamite Lake experiment overall (P = 0.096, two-way repeated-measures ANOVA, using all dates after nutrient enrichment was begun), while nutrient enrichment significantly increased Chl a concentration (P = 0.002, two-way repeatedmeasures ANOVA). Nutrients and D. pulex interacted strongly (P = 0.007) in their effects on Chl a concentration. After inspection of the data (Fig. 3) , I conducted a one-way repeated-measures ANOVA using only enriched enclosures, which revealed that un- der nutrient-enriched conditions D. pulex did in fact reduce Chl a concentration (P = 0.037).
Daphnia pulex had substantial effects on phytoplankton community structure in the Dynamite Lake experiment under both enriched and unenriched conditions (Fig. 4) , as assessed by comparing the volume density (pm3 ml-l) of each functional group of phytoplankton in the four treatments using two-way repeated-measures ANOVA for both dates on which phytoplankton was examined microscopically. Enclosures with D. pulex had significantly lower densities of chrysophyte flagellates (P = 0.016), a group dominated by Mallomonas and Chrysochromulina, and naked green algae (those species not covered by gelatinous sheaths, P = 0.005). The density of high-quality phytoplankton (all edible species without gelatinous sheaths/hard coverings) as a group was also significantly reduced by D. pulex (two-way repeated-measures ANOVA, P = 0.011); there appeared to be a nutrient-D. pulex interaction (P = 0.60) which, combined with inspection of Fig. 4 , suggests that D. pulex reduced high-quality phytoplankton to a greater extent in enriched enclosures. Because total phytoplankton and highquality phytoplankton were both affected more by D. pulex in enriched than in unenriched enclosures, and because some functional groups appeared to be reduced by D. pulex in enriched but not in unenriched enclosures (Fig. 4) , I conducted a one-way repeated-measures ANOVA on the phytoplankton groups using data from enriched enclosures only. This analysis revealed that blue-green algae were also reduced in abundance by D. pulex under enriched conditions (P = 0.007). Other groups were not significantly reduced by D. pulex, although nutrients-A; Daphnia + nutirentsv. Vertical bars in the Larimore Pond panel represent the range for the two replicate enclosures. Symbols and bars on right-hand side of Dynamite Lake panel represent the mean and range for that treatment. For each treatment in the Dynamite Lake experiment, a mean value was calculated for each of the two replicate enclosures, with all dates after nutrient enrichment was begun. The range of the two enclosure means is plotted in the figure. Arrows as in Fig. 2. the effect of D. pulex on cryptomonads in enriched enclosures was marginally significant (P = 0.097, one-way repeated-measures ANOVA). The Dynamite Lake phytoplankton composition and Chl a data taken as a whole suggest that D. pulex altered phytoplankton community structure in both nutrient-enriched and unenriched enclosures, but reduced total edible phytoplankton only in enriched enclosures.
Daphnia pulex also had effects on phytoplankton community structure in the Larimore Pond experiment (Fig. 4) . One-way repeated-measures ANOVA, for both dates on which phytoplankton was examined microscopically, showed that the volume den- sity of naked green algae and dinoflagellates (exclusively Peridinium) was lower in the D. pulex treatment than in controls (P = 0.016 and 0.04 1). Other groups, some of which appear to be reduced by D. pulex (Fig. 4) , were not affected significantly due to high variability within replicate enclosures. Total high-quality phytoplankton (dinoflagellates not included) was also reduced in D. pulex enclosures (P = 0.053). In conjunction with the Chl a data, this indicates that D. pulex reduced total edible phytoplankton in the Larimore Pond experiment, but that certain groups (dinoflagellates, naked green algae) were reduced more than others.
The dominant Larimore Pond zooplankton species were reduced in abundance in the presence of D. pulex (Fig. 5) . The effect of D. pulex on the abundance of each species was tested with one-way repeated-measures ANOVA, with all dates from 14 July until the end of the experiment (the period during which D. pulex was abundant: Fig. 2) . Daphnia pulex greatly reduced the abundance of both T. prasinus (P = 0.005) and M. edax (P = 0.016) throughout the period during which phytoplankton abundance was reduced (Fig. 5) . Density of copepod nauplii and copepodids (cyclopoids and calanoids) was also lowered by D. pulex (P = 0.003: Fig. 5 ). Diaptomus pallidus (P = 0.542), K. cochlearis (P = 0.116), and P. vulgaris (P = 0.439) were not affected by D. pulex. The two rotifers declined to very low levels in the enclosures during July whether D. pulex was present, perhaps in response to predation by copepods, which increased after midJuly (Fig. 5) .
The effects of D. pulex on Dynamite Lake species abundances were tested with twoway repeated-measures ANOVA with all dates from 20 July onward (this represents all dates after nutrient spikes began). Bosmina Zongirostris, the most abundant crustacean in Dynamite Lake, was significantly reduced by D. pulex throughout this period in both enriched and unenriched conditions ( Fig. 6 ; P = 0.0 10, two-way repeated-measures ANOVA). Bosmina density was also increased by nutrient additions (P = 0.0 13). though Bosmina densities in the D. pulex Cline in D. pulex enclosures immediately treatment were well below those in the confollowing the 9 July sampling date (Fig. 6) , trol, densities in the D. pulex + nutrients that is, before nutrients were added to any treatment were virtually equal to those in enclosure and during the period when each the control (Fig. 6) . Bosmina began to de-treatment had four enclosures. Therefore, Fig. 6 . Densities of zooplankton in the Dynamite Lake experiment. Control--O,  Nutrients-A; Daphnia + nutrients-v. Symbols, vertical bars, and arrows as in the Dynamite Lake panel of Fig. 3 . to compare the effects of D. pulex on Bosmina demographic parameters under unenriched conditions, I used data from all four enclosures in each of the two unenriched treatments. I calculated a mean for each enclosure, using the sampling dates 9-16 July for those enclosures to which nutrients were eventually added and all dates from 9 July on for those enclosures to which no nutrients were ever added. I then conducted ANOVA using each enclosure mean as a replicate observation for that particular treatment (i.e. n = 4 for each treatment). Bosmina birth rate was significantly reduced when D. pulex was present in unenriched enclosures (P = 0.041). Daphnia pulex had no significant effect on Bosmina death rate in unenriched enclosures (P = 0.474). Two-way ANOVA also showed that nutrient addition significantly increased Bosmina birth rate (P = 0.024, using all dates after 16 July for enriched enclosures) but did not significantly affect death rate (P = 0.615). If we consider only enriched enclosures, D. pulex had no significant effect on Bosmina birth or death rate (P > 0.25 in both cases; one-way ANOVA), even though Bosmina density was significantly higher when D. pulex was absent (Fig. 6 ). This apparent paradox resulted from temporally variable birth and death rates, i.e. in certain intervals births seemed to be reduced and in other intervals deaths seemed to be elevated by D. pulex, but neither rate was affected to a significant extent when all dates after enrichment began were considered. Demographic parameters are given in Table 2 .
The effect of D. pulex on the abundance of C. Zacustris was not significant over the course of the experiment, although trends were as hypothesized. Ceriodaphnia density tended to be lowest in the D. pulex treatment, greatest in the nutrients treatment, and intermediate in the other two treatments during the middle of the experiment; however, by the end of the experiment Ceriodaphnia declined to low levels in all treatments (Fig. 6) , such that the overall effect of D. pulex on density was not significant (P = 0.133). Overall, D. birgei density was unaffected by the presence of D. pulex (P = 0.265), although trends in mean densities were as predicted (Fig. 6) . Furthermore, if only nutrient-enriched enclosures are considered (recall that total edible phytoplankton abundance was depressed by D. pulex only in enriched enclosures), D. pulex had a marginally negative effect on Diaphanosoma density (P = 0.083, one-way repeated-measures ANOVA, using all dates beginning on 20 July).
Daphnia pulex also significantly reduced the abundance of the rotifer Trichocerca and copepod nauplii in the Dynamite Lake experiment (P = 0.021 and 0.054; two-way repeated-measures ANOVA). The effect of D. pulex on the other resident Dynamite Lake species was not significant at the 95% C.L. (Tropocyclops: P = 0.073; KerateZZa: P = 0.118; Diaptomus: P = 0.149; Polyarthra: P = 0.459; Mesocyclops: P = 0.985; two-way repeated-measures ANOVA). However, the trends in mean abundance of all species except Mesocyclops were as predicted; that is, abundance was greatest in the nutrients treatment, lowest in the D. pulex treatment, and intermediate in the other two treatments (Fig. 6) . Under unenriched conditions, nine of ten taxa (all but Mesocyclops) were less abundant in enclosures with D. pulex than in enclosures without it, a result that is highly unlikely due to chance (P = <0.025, x2). Trends in the enriched treatments are even more striking: all ten taxa were less abundant in the presence of D. pulex than in its absence (P < 0.005, x2).
To compare the relative effects of D. pulex on zooplankton in the unenriched Dynamite Lake treatments, the enriched Dynamite Lake treatments, and the Larimore Pond treatments, I calculated the mean abundance of each species in each treatment and expressed this mean density as a percentage of the mean density in respective . control enclosures. Thus, to assess the effect of D. pulex on a given species in unenriched Dynamite Lake enclosures and in the Larimore Pond enclosures, I set the mean density in the control treatment as 100% and expressed the density in the D. pulex treatment as a percentage of control treatment density. For enriched enclosures, I took the mean density in the nutrients treatment as 100% and expressed the density of D. pulex + nutrients treatment as a percentage of the nutrients treatment. Two trends are apparent from this analysis (Fig. 7) . First, copepod and rotifer species were reduced in density a proportionally greater amount in enriched Dynamite Lake enclosures than in the unenriched ones, but this pattern did not hold for cladocerans (Fig. 7) . Secondly, all taxa common to both lakes were reduced by D. pulex a proportionally greater amount in the Larimore Pond enclosures than in the unenriched Dynamite Lake enclosures, although the response of Polyarthra was quite variable (Fig. 7) .
Discussion
This study shows that a large zooplankton herbivore, when invading a community of small species, can depress the abundance of some of the resident species. Therefore, competition can contribute to the scarcity of small species in fishless lakes and thus determine zooplankton community and size structure. This agrees with experimental work on zooplankton (Smith and Cooper 1982; DeMott and Kerfoot 1982; Neil1 1984) and with reviews showing the general importance of interspecific competition (Connell 1983; Schoener 1983) .
In many fishless lakes certain small zooplankton species are completely absent, although common in nearby similar lakes containing fish (Zaret 1980) . The experimental removal of planktivorous fish can result in the extinction of certain small species, often following colonization by large Daphnia (e.g. Shapiro and Wright 1984) . None of the small species disappeared completely from my D. pulex enclosures, suggesting that competitive interactions are not sufficient to cause a complete shift to large species upon the elimination of fish. However, resource depression by a large herbi- vore may interact with other factors: often more than one large herbivore is present in a particular fishless lake, e.g. a daphnid and an herbivorous Calanoid copepod. The alteration of resources by two large species may depress smaller species to a greater extent than that by a single large species. The combined effects of resource alteration by large herbivores and predation by invertebrates may also cause extinction of small species. Sparse populations are more likely Vanni to become locally extinct due to chance events or environmental variability (Terbogh and Winter 1980), so that by reducing population densities to low levels, resource depression by large herbivores may increase the probability of extinction of these populations. However, this effect is unlikely due to the large sizes of most zooplankton populations. The failure of extinction of resident species after D. pulex additions in my experiments may be in part due to the relatively short duration of the experiments, although it was long enough to permit competitive interactions to take place.
Many natural lakes contain both large and small species (Dodson 1979) , and large species often dominate.
Competitive suppression of small species by large species may be an important factor in holding the former to low levels, as in the present study and those of DeMott and Kerfoot (1982) and Neil1 (1984) .
Earlier studies of zooplankton competition which failed to show a consistently superior competitorthe "winner" of competition trials varying from one experiment to the next (Lynch 1978; Smith and Cooper 1982) -examined the interactions of co-occurring species. Because these species obviously can coexist, it is reasonable to expect that one species would not displace the other. In the present study, in which a species is introduced into a community in which it does not normally occur, consistent competitive suppression may be more likely, particularly so when the introduced species is much larger than the resident species.
Daphnia pulex had a proportionally greater effect on species common to both lakes in the Larimore Pond experiment than in the Dynamite Lake experiment (Fig. 7) . This suggests that competitive interactions following invasion by a large species may be more intense in eutrophic than in oligotrophic lakes, at least for copepods and rotifers. Larimore Pond had more abundant food than Dynamite Lake. Daphnia pulex attained much higher levels in the former, and life table experiments showed that its fecundity was also much greater (Vanni in prep.) . The increased density of D. pulex in enriched over that in unenriched Dynamite Lake enclosures suggests that D. pulex itself was food limited when colonizing the experimental enclosures. Neil1 (1978) found that the degree of food limitation was important in determining the colonization SUCcess of D. pulex in oligotrophic lakes. The larger populations of D. pulex in Larimore Pond than in Dynamite Lake enclosures resulted in a greater depression of phytoplankton and in turn more of an effect on the densities of most rotifers and copepods common to both lakes (Fig. 7) . Thus, high initial food concentration seems to allow a species better success at colonizing a lake and ultimately may result in more severe competitive interactions. This is in accord with recent theory and laboratory experiments which suggest that competitive exclusion of small species by large species is more likely under high than low food conditions in simple two-species systems (Romanovsky and Feniova 1985) . Another factor contributing to the greater colonization success of D. pulex in Larimore Pond than in Dynamite Lake may be the lack of cladocerans in Larimore Pond. Because smaller cladocerans may overlap extensively with D. pulex in their dietary habits, their presence in Dynamite Lake may reduce the ability of D. puZex to attain high densities.
Because the Larimore Pond experiment ran longer than the Dynamite Lake experiment, one might expect the effects of D. pulex to be greater in the former simply because more time was available. However, the effects of D. pulex on the Larimore species were apparent long before the Dynamite experiment ended (Figs. 6 and 7) so that the different length of the two experiments probably did not greatly affect the results.
Because cladocerans were absent from Larimore Pond during these experiments, the relative effects of D. pulex in the two lakes could not be determined. However, the patterns of response in enriched vs. unenriched Dynamite Lake enclosures (Fig.  7) suggest that, unlike copepods and rotifers, cladocerans were not affected to a greater degree by D. pulex in enriched than unenriched conditions. Ceriodaphnia and Diaphanosoma showed approximately the same percentage of reduction from controls under unenriched and enriched conditions. Bosmina was actually reduced proportionally more in the unenriched enclosures (Fig.  7) , perhaps because in the enriched enclosures other species, some of which are potential competitors and predators of Bosmina, were reduced to a relatively greater degree. The effect of nutrient status on the response to D. pulex is not consistent among zooplankters and may depend on the particular species. Daphnia pulex increased in response to elevated food levels in Dynamite Lake and subsequently reduced phytoplankton to below normal levels, having more of an effect on the phytoplankton than the resident zooplankton species. In Dynamite Lake, resident zooplankton species increase in response to elevated food levels and, although they can have significant effects on phytoplankton abundance and community structure (Vanni 19843, 1986) , their effects are much less pronounced than those of D. pulex.
Daphnia pulex drastically reduced the abundance of cyclopoid copepods in the Larimore Pond experiment, but the underlying mechanisms are not clear. Both cyclopoids are herbivorous as nauplii (Peacock and Smyly 1983; Williamson 1984) . Later instars of T. prasinus are probably omnivorous but apparently do not prey on microcrustaceans; T. prasinus can mature and reproduce on a diet composed entirely of algae (Peacock and Smyly 1983) . Later instars of M. edax are also omnivorous but probably rely less on algae than does T. prasinus (Williamson 1984) . Thus, the reduction of densities of these cyclopoids by D. pulex may have been the result of food limitation of nauplii or later instars. Densities of later instars of both species remained relatively constant in the D. pulex enclosures through most of July, then declined in August, while the density of nauplii declined sharply during mid-July (Fig. 5 ). This suggests that the primary effect of competition with D. pulex was a reduction in naupliar production or survivorship early in the experiment, which led to a reduction in adult densities later. However, direct competitive interactions between D. pulex and adult cyclopoids cannot be ruled out with these data. Large Daphnia can depress the abundance of cyclopoids through competition for food resources (Kerfoot and DeMott 1980, 1984; Soto 1984) . The reduction in naupliar survival by competition with Daphnia can result in a reduced birth rate and, presumably, population density of Mesocyclops, which relies heavily on nauplii as a food (Kerfoot and DeMott 1984) . Thus, Mesocyclops may have been affected by D. pulex in the Larimore experiment through a combination of direct and indirect means.
In Dynamite Lake, the species most affected by D. pulex was B. Zongirostris; it was reduced in abundance in both nutrient-enriched and unenriched enclosures and, unlike other species, was reduced proportionally more in unenriched than in enriched enclosures. Although total phytoplankton abundance was not lowered by D. pulex in unenriched enclosures, the abundance (volume) of certain phytoplankton groups, notably chrysophyte flagellates, was. Bosmina may have declined in the presence of D. pulex because the flagellate volume was decreased; its rate of increase in Dynamite Lake in 198 1 was positively correlated with flagellate volume but not with total phytoplankton (Vanni 19843) . DeMott and Kerfoot (1982) also showed that large Daphnia spp. can depress Bosmina abundance by reducing the abundance of flagellates. The effects of D. pulex on the other Dynamite Lake cladocerans were less pronounced. The lack of a persistent effect on Ceriodaphnia is consistent with previous studies. Neil1 (1975) , Lynch (1978) , and Smith and Cooper (1982) showed that, in short term pairwise experiments, the outcome of DaphniaCeriodaphnia competition trials is temporally unstable, depending on the resource base and the age structure of the populations. Age structure and resource quantity and quality probably fluctuated during the Dynamite Lake experiment, possibly accounting for the temporary effect of D. pulex on Ceriodaphnia (Fig. 6) .
Some species-specific results of the present study do not agree with investigations in other lakes. In Dynamite Lake, the effect of D. pulex on Diaphanosoma density was marginally significant in nutrient-enriched enclosures and nonexistent in unenriched enclosures. In contrast, DeMott and Kerfoot (1982) provide evidence of strong di- rect competitive interactions between large Daphnia (pulicaria and rosea) and Diaphanosoma in a mesotrophic lake. I found no evidence of competitive interactions between D. pulex and any rotifer in Larimore Pond, although Trichocerca was reduced in density by D. pulex in Dynamite Lake. Neil1 (1984) showed that D. rosea can depress rotifer abundance through competition for phytoplankton in an oligotrophic lake. The outcome of interactions between two species may depend on the background community and the particular resource base present (Neil1 1975; Levine 1976; Lynch 1978; Lawlor 1979 ). Significant effects on Larimore Pond rotifers may not have been detected because the rotifers were rare during the period when D. pulex was abundant: the detection of such differences is easier when populations are large.
The densities of Larimore Pond rotifers may be regulated by copepod predation. Both Keratella and Polyarthra were much more abundant before 16 July than after in both the control and D. pulex treatments, while Mesocyclops and Tropocyclops, both potential predators of these rotifers (Williamson and Gilbert 1980; Peacock and Smyly 1983) , exhibited an opposite trend in the control enclosures ( Fig. 5; Table 3 ). In the D. pulex enclosures, the combined density of the two cyclopoids was not greater after than before 15 July. These copepods may have reduced rotifer densities in the control enclosures, while D. pulex reduced the rotifers in enclosures to which it was introduced so that the effect of D. pulex on rotifers would not be apparent.
Although resource modification is the most likely mechanism for the reduction in density of resident species after D. pulex introductions, some rotifers may have been reduced in density by interference competition; that is, through damage incurred by being swept into the branchial chambers of Daphnia (Gilbert and Stemberger 1985) . This seems possible only for Keratella, since even specialized predators like Asplanchna have difficulty in capturing Polyarthra (Williamson and Gilbert 1980) ; however, Keratella was not significantly reduced in density by D. pulex. Because reductions in resident species' densities coincided with dramatic alterations of the resource base by D. pulex and because experimentally increased food resources allowed the resident species to overcome much of the effect of D.puZex (in terms of absolute population density), it seems highly likely that the major mechanism behind the depression of resident species was in fact resource competition.
Finally, given the fact that these experiments were conducted at a low level of replication (two replicate enclosures per treatment), some discussion of the interpretation of statistical tests is warranted. In the Dynamite Lake experiment, four species (Ceriodaphnia, Diaptomus, Tropocyclops, and Keratella) were not significantly reduced in density by D. pulex at the 95% confidence level, yet all ANOVAs on these species yielded probability values that approached significance (0.070 < P < 0.150). Because the likelihood of detecting statistical differences between treatments increases with the number of replicates (Snedecor and Cochran 1967) , with more enclosures per treatment the differences in these species' abundances in the Dynamite Lake experiment might have been significant at the 95% confidence level. Although I have interpreted the data largely as if the effect of D. pulex on these four species was not significant, given the P values and the low level of replication, the results give only weak confirmation of the null hypothesis that densities of these species are not affected by D. pulex, although the null hypothesis cannot be rejected (Snedecor and Cochran 1967) . The number of replicates necessary to detect competitive suppression in a particular experiment will depend on many factors, including the strength of the interactions. In my experiments, it appears that two replicates were adequate to detect interactions between D. pulex and Larimore Pond species but inadequate for some of the Dynamite Lake species-a further indication that the interactions were greater in the pond than in the lake.
It is clear that large herbivores can exert considerable competitive effects on smaller species, although which particular species are affected by such competition and the degree to which they are affected remain difficult to predict. A fruitful future approach to understanding competition among zooplankton may be to combine large-scale, long term introduction experiments, short term pairwise competition trials, and detailed investigations of grazer-resource interactions, so that specific interactions can be studied within a community-level response.
